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1 Introduction

The idea that the dynamics of a firc might be studied using digital computers probably dates back to
the beginnings of the computer age. The concept that a fire requires the mixing of a combustible gas with
enough air at elevated temperatures is well known to anyone involved with fire. Graduate students enrolled
in courses in fluid mechanics, heat transfer, and combustion have been taught the equations that need to
be solved for at least as long as computers have been around. What is the problem? The difficulties
revolve about three issues: First, there are an enormous number of possible fire scenarios to consider.
Second, we do not have either the physical insight or the computing power (even if we had the insight) to
perform all the neccessary calculations for most fire scenarios. Finally, since the “fuel” in most fires was
never intended as such, the data needed to characterize both the fuel and the fire environment may not be
available. .

In order to make progress, the questions that are asked have to be greatly simplified. To begin with,
instead of seeking a methodology that can be applied to all fire problems, we begin by looking at a few
scenarios that seem to be most amenable to analysis. Hopefully, the methods developed to study these
“simple” problems can be generalized over time so that more complex scenarios can be analyzed. Second,
we must learn to live with idealized descriptions of fires and approximate solutions to our idealized equa-
tions. These idealized descriptions have to be based on the kind of incomplete knowledge of fire scenarios
that is characteristic of real fires. Finally, the methods should be capable of systematic improvement,
Thus, as our physical insight and computing power grow more powerful the methods of analysis can grow
with them.

The “Large Eddy Simulation” (LES) technique developed at NIST over a nearly two decade period is
our attempt to carry out the conceptual program outlined above. The phrase refers to the description of
turbulent mixing of the gaseous fuel and combustion products with the local atmosphere surrounding the
fire. This process, which determines the burning rate in most fires and controls the spread of smoke and
hot gases, is extremely difficult to predict accurately. This is true not only in fire research but in almost all
phenomena involving turbulent fluid motion. The basic idea behind the use of the LES technique is that the
eddies that account for most of the mixing are large enough to be calculated with reasonable accuracy from
the equations of fluid mechanics. The hope (which must ultimately be justified by appeal to experiments)
is that small scale eddy motion can either be crudely accounted for or ignored.

The equations describing the transport of mass, momentum, and energy by the fire induced flows must
be simplified so that they can be efficiently solved for the fire scenarios of actual interest. The general
equations of fluid mechanics describe a rich variety of physical processes, many of which have nothing
to do with fires. Retaining this generality would lead to an enormously complex computational task that



FIGURE 1: Snapshotof a simulation of 3 m squatre jet fuel fire in a 22 m high and 45 m wide
aircraft hangar. Contours correspondingto the meanflame temperature maximum and the highest
temperature non-burning regionare shown.

would shedvery little additionalinsighton fire dynamics.The simplified equationsdevelopedby Rehm
andBaum([1], have beenwidely adoptedby the larger comhustionresearclcommunity wherethey are
referredto asthe“low Machnumber’comhustionequationsThey describehelow speednotionof agas
drivenby chemicalheatreleaseandbuoyangy forces.

The low Mach numberequationsare solved on the computerby dividing the physicalspacewhere
thefire is to be simulatedinto a large numberof rectangulacells. In eachcell the “stateof motion”, i.e.
the gasvelocity, temperatureetc. areassumedo be uniform; changingonly with time. The computer
thencomputesa large numberof snapshotsf the stateof motionasit changesvith time. Figurel shawvs
onesuchsnapshoobf a hangaiffire simulation. Clearly, theaccurag with which thefire dynamicscanbe
simulateddepend®n the numberof cellswhich canbe incorporatednto the simulation. This numberis
ultimately limited by the computingpower availableto the user Presentlay computerdimit the number
of suchcellsto at mosta few million. This meanghatthe ratio of largestto smallesteddylengthscales
thatcanberesoled by the computation(the “dynamicrange”of the simulation)is roughly 100 ~ 200.
Unfortunately the rangeof lengthscalesthat needto be accountedor if all relevantfire processesre
to be simulatedis roughly 10* ~ 10°. Much of the discrepang is dueto the fact that the comhustion
processethatreleasdheenegy take placeatlengthscalesof 1 mmor less.



FIGURE 2: Snapshotof isolated plume structur e showing burning elements(light color), burnt out
combustion products(dark color), and radiation heatflux contoursto fuel bed.

2 FirePlumes

Theideathatdifferentphysicalphenomenaccurat differentlengthandtime scaleds centralto anun-
derstandingf fire phenomenandto the compromiseshatmustbemadein attemptingo simulatethem.
The mostimportantexampleis anisolatedfire plumein a large well ventilatedenclosureg(seefig. 1).
Simulationsof scenario®f thiskind arereportedn refs. [2] and[3]. Thefire plumeis the“pump” which
entraindreshair andmixesit with the gasifiedfuel emeging from the burningobject. It thenpropelsthe
comhustionproductsthroughtherestof the enclosure The eddiesthatdominatethe mixing have diame-
tersthatareroughlycomparabléo thelocal diameterof thefire plume.Thus,in theabove simulation the
cellshave to be smallenoughsothatmary (a 12x12arrayin this case)areusedto describethe stateof
motionacrosghe surfaceof thefuel bed. Sincethe simulationalsoneedgo includethe remaindeiof the
hangaraswell, eventhe 3 million cell simulationshownn in fig. 1 above cannotcopewith the comhustion
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FIGURE 3: Instantaneous(left) and time-averaged(right) centerlinevelocity and temperature pro-
filesfor a pool fire simulation.

processewithout additionalmodelingeffort.

Physicalprocessebk e comhustionthatoccuron scalesnuchsmallerthantheindividual cell sizeare
often called“sub-grid scale” phenomena.The mostimportantof thesefor our purposesarethe release
of enegy into the gas,the emissionof thermalradiation,andthe generatiorof soottogethemwith other
comhustionproducts.Thesgphenomenarerepresentelly introducingtheconcepof a“thermalelement”
[4]. This canbethoughtof a smallparcelof gasifiedfuel interactingwith its ervironment.The concepis
illustratedin figure 2.

Eachelementis carriedalong by the large scaleflow calculatedas outlinedabove. As long asthe
fire is well ventilated,it burnsat a ratedeterminedyy the amountof fuel representedly the parcelanda
lifetime determinedy the overall sizeof thefire. Thelifetime of the burningelemenis determinedrom
experimentalkorrelationsof flameheightdevelopedby McCalffrey (se€[5]). A prescribedractionof the
fuel is corvertedto sootasit burns. Eachelementalsoemitsa prescribedractionof thechemicalenegy
releasedy comhlustionasthermalradiation. This fractionis typically about35 percentof thetotal. The
sootgeneratedy the fire canactasan absorbeof the radiantenegy. Thus,if the fire generategarge
amountsof soot, the transportof radiantenegy throughthe gasmustbe calculatedn detail [6]. Even
in theabsencef significantabsorptiorof radiantenegy by the productsof comhustion,the radiantheat
transferto boundariess animportantcomponenbf thetotal heattransferto any solid surface.



Figure 2 shavs a snapshobf the elementsusedto simuatean isolatedfire plumein the absencef
ary boundariesTime averagef theoutputof this kind of simulationmustbe producedn orderto make
guantitatve comparisorwith mostexperimentatlata.Indeedjt is thefactthattheresults of thesimulation
canbe averagedn aroutineway while the equations of fluid mechanicxannotis the basisof the whole
approactpresentedhere.

Ontheleft of Fig. 3 arethe instantaneousertical centerlinevelocity andtemperaturgrofiles. The
oscillationsare primarily dueto thelarge toroidal eddiesgeneratedt regular intervals at the baseof the
fire, which thenrise asymmetrically Note thatthe flow is not evenremotelyaxially symmetric,andthe
centerlineis definedonly by the geometryof the pool at the baseof the plume. Theright sideof Fig. 3
shaws the correspondindime averagedquantities(solid lines) and McCaffrey’s centerlinecorrelations.
Thetime averaged flow is symmetricandin excellentagreemenuith thecorrelationsTheonly deviations
are at the bottomof the plume wherethe thermalelementsare turnedon instantaneouslyvithout any
preheatsthey leavethepoolsurface andatthetopwherethecomputationathood” exertssomeupstream
influenceontheplume.

3 Outdoor Fires

Largeoutdoofrfirescanbecorvenientlydividedinto two categyoriesbasednthefuel source Wildlandfires
arecharacterizedby a relatively low heatreleaseateperunit areaof groundcoveredby fuel, but avery
large areaover which thefire canspread.ndeed the descriptionof thefire spreadorocesss anessential
part of arny successfusimulationof suchan event. Industrialfires, in contrast,are usually muchmore
highly localizedbut intenseemittersof heat,smole, andothercomtustionproducts.This is particularly
trueif thefuelis apetroleunbasedsubstanceyith a high enegy densityandsootingpotential. This latter
typeof fire is the objectof studyhere.

Thehazardsssociatewvith suchfiresoccurontwo widely separatetengthscalesNearthefire, over
distancexomparabléo the flamelength,theradiantenegy flux canbe sufficiently high to threaterboth
the structuralintegrity of neighboringouildings, andthe physicalsafetyof firefightersandplant person-
nel. At muchgreaterdistancestypically severaltimesthe plumestabilizationheightin the atmosphere,
the smole and gaseougproductsgeneratedy the fire canreachthe groundin concentrationshat may
be unacceptabléor environmentalreasons.The far field hazardhasbeenstudiedextensvely by NIST
researcherg/], [8]. Thiswork hasledto thedevelopmenibf acomputercodeALOFT, whichis available
from NIST. A comprehense descriptionof ALOFT andits generalizationgo comple terraincanbe
foundin [9].

Considerthe nearfield hazardassociatedvith the flameradiation. The scenaricchosenis a fire sur
roundingan oil storagetank adjacento severalneighboringtanks. This scenarias chosenbothfor its
intrinsic importanceandbecausét illustratesthe ingredientsneededo generatea realisticsimulationof
suchanevent. The heatreleasgyeneratedby a fire on this scalecanreachseveral gigawattsif the entire
pool surfaceis exposedandburning. Suchfiresinteractstronglywith the local topography(both natural
andmanmade),andthe vertical distribution of wind andtemperaturen the atmosphereMoreover, the
phenomenareinherentlytime dependenandinvolve awide temperatureange.Thus,thesimplifications
emplo/edin ALOFT andits generalizationsannotbeusedn thepresentinalysis.Indeedthe“low Mach
number’comhustionequationsieedto be modifiedto accountor the stratificationof theatmosphere.

Figure 4 showvs a simulationof a fire resultingfrom an oil spill trappedin the containmentrench
surroundingoneof thetanks.The diameterof eachtankis 84 m, theheight27 m. Eachtankis depressed
below groundlevel andsurroundedy a containmentrenchof depth9 m. Thegeometrywasmodeledon
theoll storagéfacility of the JapariNationalOil Corporationat Tomokomai,JapanNo attemptwasmade
to representhe entirefacility, which containsover 80 tanks. The volumeof spacerepresenteds a cube



FIGURE 4: Snapshotof oil tank fire simulation with wind speed6 m/s at the tops of the tanks and
the firein the trench.

768 m on a side. This wasfilled with a 128x128x128arrayof cells6 m on a sidein the horizontaland
rangingfrom 3 m nearthegroundto 12 m atthetopin theverticaldirection.A wind profile thatincreased
from 6 m/snearthetanktopto 12 m/sat 768 m thatis representagie of theatmospherieneanwind profile
nearthe groundwas chosen. The ambienttemperaturavastaken to be constant. This is a very stable
atmosphereypical of winter conditionsin northernclimates.Thespilledoil in thetrenchwasassumedo
burnwith a heatreleaserateof 1,000kW/m?, for atotal heatreleaseaateof 12.1GW. Eachelementvas
assumedo emit 35% of its enegy asthermalradiation,and12% of thefuel wascorvertedto soot.

Thebright coloredelementsn fig. 4 areburning,releasingenegy into the gasandtheradiationfield.
Thus,thecompositédourningelementsepresentheinstantaneouamestructureattheresolutionlimit of
thesimulation. The dark coloredelementsareburnt out. They representhe smole andgaseousomius-
tion productghatabsorkiheradiantenegy from theflames.It is importantto understanthow muchof the
emittedradianteneqgy is re-absorbedby the surroundingsmole. The magnitudeof this smole shielding
canberealizedby computingtheradiatve flux to thesurroundinganks.A testcalculatiorwasperformed
in which nothermalradiationwasabsorbedy the smole. Comparisorof thetwo resultsshovedthatthe
effective radiative fraction reachingthe surfaceis about6%. Thus,29% of the original 35% wasreab-
sorbedby the soot. Thisis consistentvith measurementsiadeby Koseki[10]. To explorethisfurther, a
separatsimulationof averticalplumein theabsencef ary wind wasperformed.The cornvective enegy
flux at severalheightsabove the fire bedwascalculated. The enegy flux wasconsistentlyapproximately
94%o0f thetotal heatreleaseatein thefire. Thismeanghatof theoriginal 35%releasedsthermalradia-
tion, 29%wasreabsorbed;onfirmingthe earlierresult. Furtherdetailsaboutthe modelandcomputations
canbefoundin [11].



FIGURE 5: Snapshotof large scalefir e test simulation showing interaction of sprinkler, draft cur-
tain, and ventin rack storagefire.

4 Industrial Fire Control

Up to this point the emphasidiasbeenon studyingfires asnaturalphenomenaRecently the LES tech-
niqueshave begunto be usedto studythe effectsof humaninterventionto controlthe damagecausedy
fires. ThelnternationaFire Sprinkler Smole andHeatVent, Draft CurtainFire TestProjectorganizedoy
the NationalFire ProtectionResearchoundationbroughttogethera groupof industrialsponsorgo sup-
portandplanaseriesof largescaleteststo studytheinteractionof sprinklersroof ventsanddraft curtains
of thetypefoundin largewarehousesnanufcturingfacilities,andwarehouse-lig retail stores.Thetests
weredesignedo addresgelatvely large, open-areduildings with flat ceilings, sprinkler systemsand
roof venting,with andwithout draft curtains. The mostelaboratdaestsinvolved a seriesof five high rack
storagecommodityburns.

In parallelwith the large scaletests,a programwasconductecat NIST to developa computemrmodel
basedon the LES methodologythe Industrial Fire Simulator(IFS) that incorporatedhe physicalphe-
nomenaneededo describethe experiments A seriesof benchscaleexperimentsvasconductedat NIST
to develop necessarynput datafor the model. Theseexperimentgyeneratediatadescribingthe burning
rateandflamespreadoehaior of the cartonedplasticcommodity thermalrespons@arameterandspray
patternof the sprinkler andthe effect of thewatersprayon thecommodityselectedor thetests.

Simulationswere first comparedwith heptanesprayburnertests,wherethey were shovn to bein
good quantitative agreementvith measuredprinkleractivation timesandnearceiling gastemperature
rise. The sprinkleractivationtimeswerepredictedto within 15% of the experimentalaluesfor thefirst
ring of sprinklerssurroundingthe fire, and 25% for the second. The gastemperaturesearthe ceiling
were predictedto within 15%. Next, simulationswere performedand comparedwith the unsprinklered



calorimetryburnsof thecartonedlasticcommodity Theheatreleaseateswerepredictedo within about
20%. Simulationsof the 5 cartonedplasticcommaodityfire testswerethenperformed.A snapshofrom

oneof the simulationsis showvn in fig. 5. The goal of thesesimulationswasto be ableto differentiate
betweernthoseexperimentshatactivateda large numberof sprinklersandthosethatdid not. This goal

hasbeenmet. Themodelwasalsousedto provide valuableinsightinto whatoccurredn the experiments,
andwhatwould have occurredor variouschange®f testparameters-urtherinformationaboutthis work

canbefoundin [12], [13].

Thereareplansto continuethedevelopmenof thelFS modelin thefuture. Muchmorework is needed
to verify theadditionalmodelsusedto accountfor theflamespreadtheinteractionof the spraywith fuel
surfaces,andthe variousheattransfermechanisms However, the resultsobtainedto dateare certainly
encouraging. The simulationsyield informationthat is difficult if not impossibleto obtainany other
way. Moreover, it is possibleto testthe variousassumptionandmodelsindividually againsiexperiments
designedo yield muchmore preciseinformationthancanbe obtainedfrom large scaletests. Thus,the
knowledgegainedirom alimited numberof largescaletestscouldbe systematicallyextendedoy coupling
this informationto the resultsof computersimulations. While this goal hasyet to be realized,l do not
think it lies all thatmary yearsin thefuture.
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